Background: Studies with rodents suggest that acute ethanol exposure impairs information flow through the cerebellar cortex, in part, by increasing GABAergic input to granule cells. Experiments suggest that an increase in the excitability of specialized GABAergic interneurons that regulate granule cell activity (i.e., Golgi cells [GoCs]) contributes to this effect. In GoCs, ethanol increases spontaneous action potential firing frequency, decreases the afterhyperpolarization amplitude, and depolarizes the membrane potential. Studies suggest that these effects could be mediated by inhibition of the Na + ⁄ K + ATPase. The purpose of this study was to characterize the potential role of other GoC conductances in the mechanism of action of ethanol.
T HE CEREBELLUM CONTROLS motor coordination, balance, muscle tone, motor learning, and cognition. These functions are mediated, in part, by neurons located in the cerebellar cortex (Ito, 2006) . Granule cells are a gateway of information flow into the cerebellar cortex. Their excitability is controlled by a specialized GABAergic interneuron, the Golgi cell (GoC), which provides 2 types of inhibition: tonic and phasic. Tonic inhibition is mediated by extrasynaptic GABA A receptors containing a 6 b x d subunits, activated by ambient GABA levels, were shown to be generated, in part, by GABA release through bestrophin-1 anion channels from lamellar astrocytes (Lee et al., 2010) . Phasic inhibition is primarily mediated by synaptic GABA A receptors containing a 1 b x c 2 subunits, activated by evoked or spontaneous action potential-dependent GABA release. The latter is driven by spontaneous action potential firing of GoCs, which occurs at frequencies between 1 and 10 Hz in cerebellar slices (Botta et al., 2010; Carta et al., 2004; Dieudonne, 1998; Forti et al., 2006; Solinas et al., 2007) , 2 and 30 Hz in anesthetized rats (Holtzman et al., 2006; Schulman and Bloom, 1981; Vos et al., 1999) , and 10 and 80 Hz in awake monkeys (Miles et al., 1980) . In slices, blockade of spontaneous GoC firing reduces tonic GABAergic currents in granule cells, suggesting that accumulation of GABA released in an action potential-dependent manner contributes to the ambient GABA pool that activates extrasynaptic GABA A receptors (Bright et al., 2011; Carta et al., 2004; Kaneda et al., 1995; Wall and Usowicz, 1997) . Ethanol acutely enhances tonic GABAergic currents in cerebellar granule neurons, in part, by elevating ambient GABA levels through an increase in spontaneous GoC firing (Botta et al., 2010; Carta et al., 2004; Hanchar et al., 2005) .
Slice electrophysiological and computer modeling studies have identified several conductances that could be involved in GoC pacemaking (Botta et al., 2010; Forti et al., 2006; Midtgaard, 1992; Solinas et al., 2007) . Both the hyperpolarization-activated cation current (I h ) and the Na + ⁄ K + ATPase are activated during the afterhyperpolarization (AHP) phase, leading to slow membrane potential depolarization into the optimal range for activation of subthreshold (persistent) Na + currents (I NaP )-and perhaps low-threshold voltage-gated Ca 2+ channels-with the subsequent generation of a new action potential. It has been suggested that the A-type K + current (I A ) could oppose I h and I NaP , contributing to set the interspike interval. Activation of slow K + currents, including delayed rectifier (I KV ) and M-type K + (I M ) currents, likely participate in membrane potential repolarization. Apamine-sensitive currents mediated by smallconductance Ca 2+ -activated K + (SK) channels were shown to contribute to the slow AHP and to regulate firing precision. Big-conductance Ca 2+ ⁄ voltage-activated K + (BK) channels could be involved in membrane potential repolarization and early AHP phases.
We previously showed that ethanol acutely increases spontaneous action potential firing, decreases AHP amplitude, and depolarizes the membrane potential of GoCs; these effects could be a consequence of partial inhibition of the Na + ⁄ K + ATPase (Botta et al., 2010) . Here, we investigated a potential contribution of other GoC conductances to ethanol's mechanism of action.
MATERIALS AND METHODS

Computer Modeling
These studies were performed as previously described (Botta et al., 2010) . The GoC model has 5 compartments including a soma (32 pF), 3 dendrites (23 pF each), and an axon (90 pF). The soma includes 12 voltage-dependent ionic channels and the Na + ⁄ K + ATPase (Botta et al., 2010) . PANDORA was used to calculate spike threshold (Gunay et al., 2009 ).
Electrophysiological Recordings
Animal procedures were approved by the University of New Mexico Health Sciences Center Institutional Animal Care and Use Committee. Unless indicated, the methods for parasagittal vermis cerebellar slice preparation from 23-to 26-day-old male rats, electrophysiological patch-clamp recordings, and data acquisition were as previously described (Botta et al., 2010) . Ethanol (95%, spectrophotometric grade) was purchased from Sigma Chemical Co. (St. Louis, MO). D,L-APV, gabazine hydrobromide, CGP54626, and LY341495 were from Tocris-Cookson (Ellisville, MO). Tetrodotoxin (TTX) was from Calbiochem (San Diego, CA). CoCl 2 was from Alfa Aesar (Ward Hill, MA). All other chemicals were from Sigma.
For all experiments, the artificial cerebrospinal fluid (ACSF) contained blockers of ionotropic glutamate, GABA A , GABA B , glycine, and mGluR2 receptors, as previously described (Botta et al., 2010) . Recordings of I h in the whole-cell configuration were obtained using an internal solution containing (in mM): 115 K-methanesulfonate, 20 KCl, 1 MgCl 2 , 10 HEPES, 5 EGTA, 2 Mg-ATP, 0.2 Na-GTP, and 10 Na-phosphocreatine (pH 7.3). Whole-cell patch-clamp recordings of I A , I K , I M , and I NaP were performed using the following internal solution (in mM): 135 K-gluconate, 5 KCl, 10 HEPES, 0.2 EGTA, 4.6 MgCl 2 , 0.1 CaCl 2 , 4 Na 2 -ATP, and 0.4 Na-GTP (pH 7.35). Series resistance was compensated by 70%. In all cases, effects of ethanol were calculated with respect to the average of control and washout responses. Data were statistically analyzed with Prizm 4 (GraphPad, San Diego, CA) and are presented as mean ± SEM. A p < 0.05 was considered statistically significant.
RESULTS
Computer Modeling
These studies focused on the impact of changes in conductances that (i) are known to control spontaneous action potential firing of GoCs or other neurons and ⁄ or (ii) have been shown to be modulated by ethanol in other neuronal populations. We changed the maximum conductance (Gbar) of different channels to mimic ethanol-induced inhibition or potentiation. The conductances for the following currents were manipulated: I h , I SK , I KV , I BK , I M , I A , and I NaP . Figure S1A summarizes the impact of individual conductance changes on spontaneous action potential firing frequency. A decrease in the conductances for I M , I SK , or I A is predicted by the model to increase spontaneous action potential firing frequency. An increase in the conductances for I KV , I h , or I NaP is also predicted to have this effect. Figure S1B shows that an increase in the conductance for I KV or a decrease in the conductance for the current I BK could explain the ethanol-induced decrease in AHP amplitude. Alterations of all other conductances are predicted to have negligible effects on the AHP amplitude (i.e., decrease of 0.5 mV). Figure S1C shows that increases in the conductance for I h are predicted to depolarize the resting membrane potential; alterations in all other conductances are predicted to have minimal effects (i.e., <0.5 mV change at maximum inhibition or potentiation). In Fig. S1C , please note that the symbols for I A and I KV are not visible because of overlap with those for I SK . Figure S1D shows that changes in I SK and I h (if these are not too large) are not predicted to significantly affect action potential amplitude. Figure S1E shows that modulation of I KV and I BK is predicted to significantly change action potential half-width, suggesting that these conductances are not involved in the mechanism of action of ethanol because ethanol did not affect action potential half-width. We conclude that, in contrast to our previous results with the Na + ⁄ K + ATPase (Botta et al., 2010) , modulation of none of the voltage-gated channels tested can explain all of the electrophysiological effects of ethanol on GoCs. However, concurrent modulation of 2 or more of these conductances could explain ethanol's effects. Therefore, we experimentally investigated the potential role of these conductances in ethanol's mechanism of action using slice electrophysiology.
Effects of Ethanol on I h or I NaP
Recordings of I h were obtained in the presence of TTX (0.5 lM) and tetraethylammonium (TEA, 10 mM). Initially, we recorded I h in the perforated-patch configuration (Fig. 1A) , using a 0.8-second voltage step from )60 mV to )110 or )120 mV delivered every 30 seconds. I h amplitude was calculated as the difference between the onset of the current after the end of the capacitive transient and the steady-state current at the end of the step (Okamoto et al., 2006; Schnee and Brown, 1998) . Basal I h amplitude was )71.08 ± 6.07 pA. Ethanol (40 mM) did not have a significant effect on I h amplitude (102.9 ± 4.4% of control, n = 5) while ZD7288 (30 lM) significantly decreased the current amplitude to 33.83 ± 12.31% of control (p < 0.05 by 1-sample t-test vs. 100, n = 3) (Fig. 1A,B) .
We also recorded I h in the whole-cell patch-clamp configuration in the presence of ACSF containing MgCl 2 (to avoid Cs-sulfate precipitate formation) and 1 mM BaCl 2 (to block inward rectifier K + channels). Voltage steps (duration = 1-second) from )60 mV to )110 or )120 mV evoked I h with an average amplitude of )52.5 ± 11.6 pA. I h was fitted with a double exponential function, yielding a s slow of 459.4 ± 213.8 ms and s fast of 84.9 ± 42.2 ms (n = 3). Ethanol (40 mM) did not have a significant effect on I h amplitude (105.8 ± 6.1% of control, n = 5) while Cs 2+ (3 mM) decreased the current amplitude to 28.36 ± 9.42% of control (Fig. 1C ,D, p < 0.01 by 1-sample t-test vs. 100, n = 4).
I NaP was recorded in the whole-cell patch-clamp configuration and was elicited by a step from )65 to )55 mV (Forti et al., 2006) . I NaP was calculated by subtracting currents obtained in the absence minus the presence of 0.5 lM TTX ( Fig. 2A,B) . The average I NaP amplitude in GoCs was 25.2 ± 9.7 pA (n = 6); 40 mM ethanol did not significantly affect I NaP amplitude (96.7 ± 44.7% of control, n = 5; p > 0.05 by 1-sample t-test; Fig. 2B ,C).
Effect of Ethanol on I A and I K
These currents were recorded in the whole-cell configuration in the voltage-clamp mode in the presence of TTX (0.5 lM) and CsCl 2 (3 mM; to block I h ). In addition, the ACSF contained 3 mM MgCl 2 (instead of MgSO 4 ) and was Ca 2+ free. To measure I A , we used the 2 voltage step protocols previously described (Koyama and Appel, 2006) . In the first protocol, a 500 ms prepulse from )70 to )100 mV was applied and it was followed by 1 second-long steps from )80 to 20 mV at 20 mV intervals (Fig. 3A) . In the second protocol, a 500 ms prepulse from )70 to )40 mV was given to measure I K under conditions of I A inactivation (Fig. 3B ). Digital subtraction of the currents evoked by the second protocol from those elicited by the first protocol was used to calculate I A (Fig. 3C ). As shown in Fig. 3D ,E, ethanol did not significantly affect I A (5.9 ± 5.3% change at )20 mV, n = 5). For comparison, 2 mM 4-aminopyridine decreased I A to 83.5 ± 5.3% of control at )20 mV (p < 0.05 by 1-sample t-test vs. 100, n = 4; not shown).
Using the second voltage step protocol described above, we characterized the effect of ethanol on I K . As shown in Fig. 4A ,B, ethanol did not significantly affect I K (1.6 ± 1.3% change at 20 mV, n = 5), whereas 10 mM TEA decreased I K to 41.4 ± 12.6% of control at 20 mV (p < 0.05 by 1-sample t-test vs. 100, n = 4). We also tested the effect of ethanol on GoC firing frequency in the presence of 10 mM TEA, which caused an transient increase in firing frequency, followed by a decrease of 1.6 ± 0.5 Hz ( Fig. 4D,F ; p < 0.05 by 1-sample t-test vs. 0, n = 6). After 20 to 25 minutes of TEA application, 40 mM ethanol significantly increased GoC firing frequency by 0.9 ± 0.2 Hz (p < 0.05 by 1-sample t-test vs. 0, n = 6) in the presence of TEA, an effect that is similar to that observed in absence of this blocker (Fig. 4C ,E,F) (Botta et al., 2010) .
It has been shown that quinidine, an agent that blocks many K + channel subtypes, including TEA-resistant delayed rectifiers, antagonizes the ethanol-induced increase in firing frequency in ventral tegmental area (VTA) dopaminergic neurons (Appel et al., 2003) . Consequently, we assessed its effect on the ethanol-induced increase in GoC firing in the perforated-patch configuration. The effect of quinidine alone on GoC firing was evaluated first. Quinidine (20 lM) increased the firing frequency by 1.2 ± 0.4 Hz at t = 25 minutes ( Fig. 5A -C, p < 0.01 by 1-sample t-test vs. 0, n = 10; percent f change: 37.6 ± 13.6%, p < 0.05 by 1-sample t-test vs. 0). The CV ISI was also significantly reduced (Fig. 5D) . Quinidine shifted the action potential threshold to a less negative value (i.e., by 2.2 ± 0.46 mV; p < 0.001 by 1-sample t-test vs. 0, n = 10, data not shown) and decreased the AHP amplitude by 0.85 ± 0.16 mV (Fig. 5E , p < 0.001 by 1-sample t-test vs. 0, n = 10). In the presence of quinidine (20 lM), ethanol (40 mM) did not significantly change the firing frequency ( Fig. 5F ; 0.17 ± 0.16 Hz, n = 10; percent change: 8 ± 5.1%) or CV ISI (Fig. 5G) . However, ethanol still decreased the AHP by 0.84 ± 0.23 mV in the presence of quinidine (Fig. 5H , p < 0.01 by 1-sample t-test vs. 0, n = 10), a similar value to that observed in the presence of ethanol alone (Botta et al., 2010) .
In agreement with the data shown in (Botta et al., 2010) , 40 mM ethanol depolarized the membrane potential by 1.3 ± 0.4 mV (p < 0.05 by 1-sample t-test vs. 0, n = 7) without affecting the amplitude of the DV produced by the hyperpolarizing current step that was delivered to assess the input resistance (Fig. 6A) . Application of quinidine alone (20 lM) depolarized the membrane potential by 5.5 ± 1.2 mV at t = 25 minutes (Fig. 6B ,C, p < 0.001 by 1-sample t-test vs. 0, n = 8) without affecting the input resistance (95.3 ± 7.9% of control at t = 25 minutes; Fig. 6D , p > 0.05, n = 8). Ethanol (40 mM), tested after a 20 to 25 minutes perfusion of quinidine (20 lM), depolarized the membrane potential by 0.8 ± 0.3 mV (Fig. 6E , p < 0.05 by 1-sample t-test vs. 0, n = 7) without changing input resistance (Fig. 6F) .
Recordings of I M
I M was measured in the whole-cell patch-clamp configuration using the relaxation method in Ca 2+ -free ACSF containing 2 mM CoCl 2 (to block voltage-gated Ca 2+ channels), and TTX (0.5 lM) (Koyama et al., 2007) . The membrane potential was from )20 to )40 mV for 1 second, which causes the currents to gradually decay (Fig. 7A) . I M amplitude was calculated as the difference between the onset of the deflection of the capacitive transient (instantaneous current) and the steady-state current at the end of the step. Using these experimental conditions, we detected I M in CA1 pyramidal neurons with an amplitude of )73.3 ± 18.8 pA (n = 3; Fig. 7A,C) . However, we failed to detect a significant I M in GoCs ()11.6 ± 6.7 pA, n = 5; Fig. 7B,C) .
Effect of Ethanol on GoC Firing in the Presence of SK Channel Blockade
These studies were performed in the loose-patch cellattached configuration in the presence of the SK channel blocker, apamin (50 nM). This agent did not significantly affect GoC firing frequency (D f = 0.5 ± 0.2 Hz; Fig. 8A,B) . However, apamin significantly increased the CV ISI by 106 ± 42.5% (n = 15; p < 0.05 by 1-sample t-test vs. 0; not shown). In the presence of apamin, ethanol (40 mM) increased the firing frequency by 1.4 ± 0.4 Hz (n = 14; p < 0.001 by 1-sample t-test vs. 0; Fig. 8C ) and decreased the CV ISI to 75 ± 7.2% of control (n = 14; p < 0.01 by 1-sample t-test vs. 100).
DISCUSSION
Ethanol Does Not Potentiate I h or I NaP
Acute ethanol exposure potentiates I h in VTA dopaminergic neurons, stratum radiatum-lacunosum moleculare interneurons, and cerebellar molecular layer interneurons, an effect that may contribute to the ethanol-induced increase in firing frequency in these neurons (Brodie and Appel, 1998; Hirono et al., 2009; Okamoto et al., 2006; Yan et al., 2009 ; but see, Appel et al., 2003; Lupica and Brodie, 2006) . Our computer simulations predicted that I h potentiation could explain 2 of the 3 electrophysiological effects of ethanol on GoC: increase spontaneous action potential firing frequency and depolarize the resting potential but not decrease the AHP amplitude (Fig. S1) . Acute exposure to ethanol, at a concentration (40 mM) that increases spontaneous GoC firing (Botta et al., 2010) , did not significantly affect I h . This finding suggests that the HCN channels expressed in GoCs are different from those expressed in the above-mentioned neuronal populations. In support of this possibility is the finding that I h s fast (85 ms) is shorter in GoCs than in VTA dopaminergic neurons (380 ms; Okamoto et al., 2006) and stratum radiatum-lacunosum moleculare interneurons (150 ms; Yan et al., 2009 ). Moreover, I h s fast was shorter in cerebellar molecular layer interneurons (i.e., 40 ms). These findings suggest that HCN channels have a different subunit composition in GoCs (Santoro et al., 2000) , explaining the insensitivity of GoC I h currents to ethanol. An I h s fast near 85 ms suggests that I h is mediated by HCN1-subunit containing channels in GoCs (Santoro et al., 2000) ; however, other subunits may contribute as immunohistochemical studies showed that the HCN1, HCN2, and HCN3 subunits are expressed in the granule cell layer (Notomi and Shigemoto, 2004) . Future studies should assess HCN subunit expression in GoCs, comparing it with the expression patterns observed in other neuronal populations where I h is significantly modulated by ethanol.
Subthreshold Na + currents are involved in the generation and regulation of pacemaker activity in a variety of neuronal populations (Bean, 2007; Kiss, 2008) . A TTX-sensitive steady-state inward Na + current lacking fast inactivation that activates at )65 to )40 mV has been detected in most central nervous system neurons (Huguenard, 2002) . Although I NaP is only a fraction (0.5 to 5%) of the maximum transient Na + current, it has a significant impact in the substhreshold voltage range. Subthreshold Na + currents, active at voltages between )60 and )70 mV, were detected in rat GoCs and these likely contribute to the generation of the slow pacemaker depolarization preceding the spike threshold (Forti et al., 2006) . Several studies have shown that ethanol acutely inhibits or has no effects on Na + channels but we are not aware of any studies on subthreshold Na + channels (Habuchi et al., 1995; Horishita and Harris, 2008; Klein et al., 2007; Searl and Silinsky, 2010; Shiraishi and Harris, 2004; Xiao et al., 2008) . Evidence suggests that a specialized, noninactivating subtype of Na + channels of unknown molecular characteristics mediates subthreshold currents (Bean, 2007; Crill, 1996; Taddese and Bean, 2002) . As in the case of I h , modeling studies predict that potentiation of I NaP could explain the ethanol-induced increase in spontaneous action potential frequency and the depolarization of the resting membrane potential (at high levels of potentiation) but not the decrease in AHP amplitude in GoCs (Fig. S1 ). Taken together with our finding that ethanol does not significantly affect I NaP in the acute slice preparation, these modeling results suggest that ethanol does not modulate GoC physiology via potentiation of this conductance. In addition, we previously showed that ethanol increases GoC firing, at least in part, by depolarizing the membrane potential, an effect that can be observed under conditions of I NaP blockade (i.e., in the presence of TTX) (Botta et al., 2010) . This finding further suggests that I NaP does not likely mediate the ethanol-induced modulation of GoC excitability.
Role of I A , I K , or I M in the Mechanism of Action of Ethanol
A-type K + channels control depolarization during the interspike interval, slowing the generation of action potentials and controlling firing frequency (Hille, 2001) . Recordings from turtle GoCs found evidence consistent with expression of I A (Midtgaard, 1992) . In agreement with that report, we show here that I A is present in rat GoCs. The basal characteristics of I A in GoCs are similar to those of GABAergic interneurons in the VTA, which are thought to be mediated by Kv4.3 subunits; these subunits are abundantly expressed in the GrC layer (Koyama and Appel, 2006; Serodio and Rudy, 1998; Vacher et al., 2008) . Interestingly, KV4.3 channels are also thought to mediate I A in VTA dopaminergic neurons, where this current was shown to be acutely inhibited by acetaldehyde produced locally in ethanol exposed slices by the catalase ⁄ H 2 O 2 system (Melis et al., 2007) . However, we did not detect a significant effect of ethanol on I A in GoCs, suggesting that either acetaldehyde is not produced locally in cerebellar slices under our recording conditions or sensitivity of I A to ethanol and ⁄ or acetaldehyde is regulated by factors other than subunit composition, such as for example, protein phosphorylation. It should be noted, however, that our findings are in general agreement with a study reporting lack of ethanol modulation of a cloned mouse brain homolog of Kv4 channels (i.e., the Shal K + channel) (Covarrubias and Rubin, 1993) .
Computer modeling showed that potentiation of slow activating K + channels could explain the ethanol-induced increase in spontaneous action potential firing frequency and also the decrease in AHP amplitude (Fig. S1A,B) . However, the increase in action potential firing frequency is predicted to be a consequence of action potential shortening; I KV potentiation is also predicted to decrease action potential amplitude (Fig. S1D,E) . Given that ethanol did not affect these action potential parameters (Botta et al., 2010) , it is unlikely that these channels are involved in its mechanism of action. Moreover, inhibition of I KV cannot explain the ethanol-induced depolarization of the membrane potential (Fig. S1C ). In agreement with the computer modeling findings, the slice electrophysiological studies showed that the ethanol-induced increase in GoC firing is not affected by incubation with TEA, a blocker of several delayed rectifiers K + channel subtypes. These results are in agreement with those of Appel and colleagues (2003) who reported that TEA did not block the acute effect of ethanol on spontaneous firing of VTA dopaminergic neurons. Our voltage-clamp studies further indicate that delayed rectifiers lack sensitivity to ethanol in GoCs. These findings are in general agreement with studies demonstrating that high concentrations of ethanol (>200 mM) are required to inhibit delayed rectifier-type K + channels (Anantharam et al., 1992; Searl and Silinsky, 2010) .
Based on our results with quinidine, we cannot eliminate the possibility that certain subtypes of delayed rectifier potassium channels could be modulated by ethanol in GoCs. We found that quinidine mimics and occludes the effect of ethanol on GoC firing. It also produced a similar depolarization of the resting membrane potential. Therefore, quinidine-induced inhibition of delayed rectifiers that are TEA-insensitive could explain, at least in part, the actions of ethanol. In agreement with our results, Appel and colleagues (2003) reported that quinidine blocked the effect of ethanol on spontaneous firing of VTA dopaminergic neurons. However, these investigators did not observe an effect of quinidine on basal firing, suggesting that GoCs respond to quinidine in a different manner than VTA dopaminergic neurons. Quinidine has been shown to inhibit the Na + ⁄ K + ATPase (Almotrefi and Dzimiri, 1990) , potentially explaining the similarities between ethanol and quinidine on the excitability of GoCs (Botta et al., 2010) .
I M was another delayed rectifier K + current that we considered as a potential target of ethanol in GoCs. These currents are mediated by KCNQ channels and are regulated by neurotransmitters receptors, including muscarinic acetylcholine receptors (Brown and Yu, 2000) . I M is active near action potential threshold range, being an important regulator of spike generation. Although I M was shown to be acutely inhibited by ethanol in VTA dopaminergic neurons, it may not play a role in the mechanism of the ethanol-induced excitation of these neurons (Koyama et al., 2007) . The computer model indicates that inhibition of these channels can explain the ethanol-induced increase in GoC firing but not the decrease in the AHP or the depolarization of the membrane potential ( Fig. S1A-C) . Whether GoCs express typical I M currents is uncertain; although an agonist of KCNQ channels (retigabine) decreased GoC excitability, an antagonist of these channels (XE991) did not have an effect on spontaneous firing (Forti et al., 2006) . It was concluded that if GoCs express KCNQ channels, these are atypical. In agreement with this, we did not detect I M in GoCs (but did detect it in CA1 pyramidal neurons) using the standard relaxation method. Consequently, we were unable to directly assess the effect of ethanol on these currents. However, our finding that 10 mM TEA does not significantly affect the ability of ethanol to increase GoC firing suggests that I M is not involved in this process given that this concentration of TEA is expected to virtually abolish this current (Koyama and Appel, 2006) .
The Effects of Ethanol are Independent of SK and BK Channels
SK channels regulate GoC firing and modulate ethanol's actions in VTA dopaminergic neurons Forti et al., 2006) . The model predicts that SK inhibition could explain the ethanol-induced increase in GoC firing but not the decrease in AHP amplitude or the depolarization of the resting membrane potential (Fig. S1A-C) . Experimentally, blockade of SK channels with apamin did not significantly change GoC firing, a result that is in agreement with a previous report (Forti et al., 2006) . Moreover, the effect of ethanol on GoC firing was not significantly affected by apamin. Therefore, ethanol is unlikely to increase GoC pacemaking by modulating SK channels. These findings are in contrast to those obtained in the VTA, indicating that apamin significantly increases ethanol's effect on dopaminergic neuron firing .
We also investigated the role of another Ca
2+
-dependent K + channels subtype, the BK channel, which has been shown to be acutely enhanced by low ethanol concentrations in neurohypophyseal terminals (Dopico et al., 1996) . Subsequent studies have documented the potentiation of BK channels in other neuronal populations . BK phosphorylation in the bovine aorta was shown to switch the effect of ethanol from potentiating to inhibiting (Liu et al., 2006) . In recombinant BK channels cloned from mouse brain, ethanol was shown to act as an adjuvant of Ca 2+ , facilitating Ca 2+ -driven gating at low Ca 2+ concentrations and promoting dwelling in a low-activity mode at high Ca 2+ concentrations . The computer model suggested that BK inhibition could explain the decrease in AHP amplitude but not the increase in GoC firing induced by ethanol or the depolarization of the membrane potential ( Fig. S1A-C) . Moreover, BK channel inhibition is predicted to decrease action potential amplitude and increase half-width ( Fig. S1D-E) . These results suggest that BK channels are not involved in the mechanism of action of ethanol in GoCs, which is further supported by our experimental finding that blockade of these channels with TEA did not modify the effect of ethanol on GoC firing. Future studies should directly examine the actions of ethanol on BK channel function in GoCs, where it is possible that these channels are relatively ethanol-insensitive because of differences in lipid microenvironment, protein phosphorylation, and ⁄ or subunit composition (Mulholland et al., 2009) .
CONCLUSION
The studies shown here suggest that a number of ion channels are not involved in the mechanism of action of ethanol in GoCs, supporting the conclusions of our previous study indicating that ethanol increases GoC excitability through inhibition of the Na + ⁄ K + ATPase (Botta et al., 2010) . In addition, we show evidence suggesting that the ethanol-induced increase in GoC excitability involves inhibition of a quinidinesensitive K + channel.
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